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DESCRIPTION 

Method of Operating Superconducting Cable and Superconducting Cable System 

5 Technical Field 

The present invention relates to a method of operating a superconducting cable 
and a superconducting cable system, and more particularly, to a method of operating a 
superconducting cable that provides increased capacity without an additional cable. 
Background Art 

10 One transmission route using normal-conducting cables is composed of a 

plurality of circuits to accommodate a failure (e.g. Non-Patent Document 1). For 
example, one route may be composed of three circuits, where the maximum transmission 
capacity provided by all of the circuits may be 3E, with the maximum capacity of each 
cable circuit being 1.5E such that in the case of one circuit becoming unavailable due to 

15 a failure, the remaining two circuits are still capable of providing the transmission 
capacity of 3E. 

Basically, when the power demand in a geographical area is expected to increase, 
transmission of electric power matching the increased demand can be only achieved by 
installation of an additional cable. 
20 Non-patent Document 1: IIZUKA, Kihachiro, "Power Cable Technology 

Handbook, New Edition", Denkishoin Co., Ltd., March 25, 1989, first edition, pp. 14- 
17 

Disclosure of the Invention 

Problems to be Solved by the Invention 

25 Conventional operations using normal-conducting cables exhibit following 

problems: 

(1) Overdesigning of cabling which causes increase in cost of cabling. 

The conventional techniques for a normal-conducting cable allow a transmission 
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capacity of 3E using three circuits during normal operation, the transmission capacity 
per circuit being E. However, considerations of transmission capacity upon a failure 
call for a design capacity per cable of 1.5E, which entails an excess in designing over 
that for the normal capacity. This results in an increase in the cost of cabling. 
5 (2) Additional cable may not be easily installed. 

In some countries, newly installing a transmission line with a voltage of a 
predetermined value or more may require consent of inhabitants living close to the 
installation site. In such a case, an additional cable cannot be easily installed even when 
an increase in the power demand is expected, causing difficulty in accommodating the 
10 increased demand, and if the additional installation is allowed, it will naturally require a 
construction cost. 

In light of the above, the major object of the present invention is to provide a 
method of operating a superconducting cable that allows regulating transmission 
capacity in an inexpensive manner, without overdesigning of cabling or an additional 
15 cable. 

Another object of the present invention is to provide a superconducting cable 
system suitable for implementing the above method. 
Means for Solving the Problems 

To achieve the above objects, the present invention employs a superconducting 
20 cable with variable refrigerant temperature instead of maintaining a constant temperature. 

A method of operating a superconducting cable according to the present 
invention uses a conductor cooled by a refrigerant to transmit electric power, 
characterized in that the refrigerant temperature is changed to change the transmission 
capacity of the superconducting cable. 
25 In the conventional developments of superconducting cables, retaining a constant 

refrigerant temperature to stabilize the superconducting state of a conductor has been 
emphasized. However, a superconducting materials have the property of increasing 
their critical current as the temperature is decreased, as shown in the graph of Fig. 3. 
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This graph shows the ratio of the critical current, Ic, and IcO (Ic/IcO) against 
temperature, IcO being the critical current at 77K, where the temperature of Bi2223 
superconducting material is changed. That is, for a certain refrigerant temperature 
during normal operation (To), the refrigerant temperature may be reduced below To to 
5 increase the transmission capacity of a superconducting cable, whereas the refrigerant 
temperature may be increased above To to decrease the transmission capacity. In this 
way, the transmission capacity of a superconducting cable may be changed by a change 
in the refrigerant temperature. 

Such variable transmission capacity may be utilized in several different modes. 

10 One mode concerns the case of increasing power demand, where the refrigerant 

temperature can be reduced below that for normal operation to increase the transmission 
capacity of a superconducting cable, thereby providing transmission of electric power 
that matches the increased power demand. 

In some countries, newly installing a transmission line with a voltage of a 

15 predetermined value or more may require consent of inhabitants living close to the 

installation site, such that additional cables may not be easily installed when an increase 
in the power demand is expected, and when the installation of an additional cable is 
permitted, it requires enormous cost and time. The inventive method can perform 
transmission utilizing an existing superconducting cable and without an additional cable, 

20 such that the power capacity may be increased for small cost and in short time. 

In the case of decreasing power demand, the transmission capacity of a 
superconducting cable may also be reduced by increasing the refrigerant temperature. 
This allows reducing the cost of cooling the superconducting cable and thus the cost 
required for operating the superconducting cable. 

25 Of course, it is also possible to strategically combine decreasing and increasing in 

the refrigerant temperature, where the power demand from a load connected to the 
superconducting cable may be monitored and, based on the increase/decrease in the 
power demand, the refrigerant temperature may be decreased/increased to 
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increase/decrease the power capacity. 

Another mode of utilizing variable transmission capacity is related to the case 
where one of a plurality of superconducting cable circuits fails such that transmission is 
not possible on the failed circuit, in which case the transmission capacity of the 
5 remaining good circuit(s) may be increased above that prior to the failure. More 
specifically, when one of a plurality of superconducting cable circuits fails, the 
refrigerant temperature of the unfailed, good circuit(s) may be decreased below the 
temperature prior to the failure, thereby increasing the transmission capacity of the good 
circuit(s). The good circuit(s) after the failure transmit(s) electrical power greater than 

10 the corresponding capacity for transmission by the good circuit(s) prior to the failure. 

For example, assuming that there are three superconducting cable circuits and 
the transmission capacity of each circuit is E, then the transmission with a capacity of 3E 
is normally possible. When one of the superconducting cable circuits fails and becomes 
unavailable, an operation with a constant refrigerant temperature would only allow 

15 transmission with a capacity of IE. In light of this, the refrigerant temperature for the 
remaining two good circuits may be decreased to increase the transmission capacity of 
the good circuits above the pre-failure level (above 2E), thereby achieving more power 
(current) capacity. 

For the above-mentioned modes, variable refrigerant temperature may be 

20 provided by several approaches. 

One involves cooling the refrigerant using a refrigerator with high cooling 
capability in the first place. For example, if the refrigerant is liquid nitrogen and the 
refrigerant temperature for normal operation, To, is slightly below its boiling point, a 
refrigerator only needs to have the capability required to maintain To. When an 

25 increase in power demand or a failed circuit calls for an increase in the transmission 
capacity of the superconducting cables, the refrigerant needs to be cooled to a 
temperature not more than To. To achieve this, the refrigerator may be capable of 
cooling substantially down to the freezing point of the refrigerant. When the 
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refrigerant is cooled below the freezing point, it solidifies and cannot be circulated. 
Consequently, the refrigerator only needs to be capable of cooling substantially down to 
the freezing point of the refrigerant. 

Alternatively, refrigerant may be interchangeable where a refrigerant with a 
5 higher freezing point may be replaced with another refrigerant with a lower freezing 

point, and a refrigerator may be used that is capable of cooling substantially equal to or 
below the freezing point of the refrigerant with the higher freezing point. For example, 
when the transmission capacity is to be increased during an operation using liquid 
nitrogen as a refrigerant with a higher freezing point, the refrigerant may be replaced 

10 with liquid air, i.e. a refrigerant with a lower freezing point, and the refrigerant 

temperature may be reduced below that for the operation with liquid nitrogen. This 
approach enables refrigerant temperature regulation in a wider range, such that the 
transmission capacity may be changed more broadly. 

Such replacement of refrigerant, which may take several days, is more suitable 

15 for e.g. increasing the transmission capacity of a superconducting cable beforehand to 
accommodate expected future increase in the power demand, than for dealing with a 
failed one of a plurality of circuits by increasing the transmission capacity of the good 
circuits. 

Further, when one of a plurality of circuits fails, the refrigerant for the good 
20 circuit(s) may be cooled utilizing the refrigerator for the failed circuit as well. More 

specifically, when there are a plurality of superconducting cable circuits, each having its 
own refrigerant for cooling the refrigerant, and one of the circuits fails, both the 
refrigerator for the failed circuit and that/those for the good circuit(s) are used to cool 
the refrigerant for the good circuit(s) to a temperature below that prior to the failure. 
25 This approach preconditions that the refrigerator for a failed circuit remains available 
while the superconducting cable in that circuit is not available due to the failure. For 
example, when one of three superconducting cable circuits becomes unavailable, the 
refrigerators for all of the circuits, i.e. three refrigerators, may be used to cool the 
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refrigerant for the remaining two good circuits, thereby providing more effective cooling 
of the refrigerant. 

In any of the above cases, the refrigerant may be any fluid capable of being 
cooled to a temperature required to maintain a conductor in a superconducting state. 
5 Particularly, materials with larger difference between their boiling and freezing points 
are preferable since they allo>y the transmission capacity of a superconducting cable to 
be changed with a broader range by a change in the refrigerant temperature whiel 
maintaining the refrigerant in the liquid state. The difference between boiling and 
freezing points is desirably 5°C or greater, and more preferably 10°C or greater. 

10 Typically, liquid nitrogen, liquid air, liquid hydrogen, liquid neon, liquid helium, or liquid 
oxygen may be utilized. Particularly, liquid air has a boiling point of about 79K and a 
freezing point of 55K and exhibits a large difference between the boiling and freezing 
points, and has a freezing point below that of liquid nitrogen (boiling point at about 77K 
and freezing point at about 63K), and thus is a preferable refrigerant for increasing the 

15 transmission capacity of a superconducting cable. It should be noted that any of the 
boiling and freezing points indicated herein is a value measured under atmospheric 
pressure. 

An aspect of a superconducting cable system using the inventive method is 
characterized by: a superconducting cable; a cooling mechanism that cools a refrigerant 

20 for use with the superconducting cable; a circulating mechanism that circulates the 
refrigerant cooled by the cooling mechanism to the superconducting cable; and a 
refrigerant temperature control mechanism that regulates the refrigerant's temperature 
based on a power demand from a load connected to the superconducting cable. 
The cooling mechanism may be a refrigerator that cools the refrigerant. 

25 Typically, the circulating mechanism may be a pump. The refrigerant temperature 
control mechanism may have a load current sensing means and a temperature control 
means controlling the temperature in the cooling mechanism based on the load current 
measured by the sensing means. 
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Another aspect of a superconducting cable system using the inventive method is 
characterized by: a plurality of superconducting cables; cooling mechanisms that cool a 
refrigerant for use with the superconducting cables; circulating mechanisms that 
circulate the refrigerant cooled by the cooling mechanisms to the superconducting 
5 cables; and refrigerant route switching mechanisms which, upon one of the 

superconducting cables becoming unavailable, block supply of the refrigerant to the 
unavailable cable while allowing supply of the refrigerant to the remaining good 
superconducting cable(s). 

The refrigerant route switching mechanisms may include pipings that provide 
10 joined refrigerant routes between the superconducting cables on the refrigerant 

outletting side of the cooling mechanism and on the refrigerant inletting side of the 
circulating mechanism, and a valve provided on the piping or along the extension thereof 
for blocking supply of the refrigerant to the unavailable superconducting cable. 
Effects of the Invention 
15 As described above, the inventive method of operating a superconducting cable 

allows regulating the transmission capacity of the cable in an inexpensive manner and 
without overdesigning of cabling or an additional cable. 

Further, the inventive superconducting cable system is suitable for implementing 
the above method. 
20 Brief Description of the Drawings 

Fig. 1 is a schematic view of an inventive superconducting cable system. 

Fig. 2 is a cross sectional view of a superconducting cable used in the line of Fig. 

1. 

Fig. 3 is a graph showing the critical current ratio against the temperature for a 
25 superconductor. 

Fig. 4 illustrates a load current sensing means and a temperature control means. 
Description of the Reference Signs 

10 former, 20 conducting layer, 30 electrically insulating layer, 40 magnetic 
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shielding layer, 50 protecting layer, 60 thermal insulating tube, 61 inner corrugated tube, 
62 outer corrugated tube, 70 anticorrosive layer, 110, 120, 130 superconducting cables, 
211-213 refrigerators, 221-223 pumps, 231-233, 241-243, 251, 252, 261-263 valves, 
271-273 load current sensing means, 281-283 temperature control means. 
5 Best Modes for Carrying Out the Invention 

Embodiments of the present invention are described below. Prior to the 
description of the inventive method of operating a superconducting cable, a 
superconducting cable line in which the inventive method may be used will be described. 
[Superconducting Cable Line] 
10 A schematic view of the inventive superconducting cable system is shown in Fig. 

1. Referring to Fig. 1, the line includes three superconducting cable circuits 110, 120 
and 130 and a cooling system that circulates refrigerant to be supplied to 
superconducting cable circuits 110, 120 and 130. Although not shown in Fig. 1, 
superconducting cables 110, 120 and 130 have one end connected to a power supply 
15 and the other end connected to a load. 

(Superconducting Cable) 

Fig. 2 shows a cross sectional view of a three-core integrated superconducting 
cable for use in the circuits in the line of Fig. 1 . Referring to Fig. 2, the cable is 
configured with three cores contained within a thermal insulating tube. One cable 

20 circuit is constructed of three phases, each phase corresponding to one core. Each 

core includes, to list from the center toward the outside, a former 10, a conducting layer 
20, an electrically insulating layer 30, a magnetic shielding layer 40, and a protective 
layer 50, where conducting layer 20 and magnetic shielding layer 40 are made of 
superconducting wire. 

25 <Former> 

Former 10 may be a solid one made of twisted metal wire, or may be a hollow 
one, for which a metal pipe may be used. One example of a solid former is a plurality 
of copper wires twisted together. A former constructed of twisted wire can achieve 
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the reduction in alternating current loss as well as the minimization of the temperature 
increase due to overcurrent If a hollow former is used, its interior can serve as a 
channel for the refrigerant. 

<Conducting Layer> 

5 A suitable conducting layer 20 is a tape wire having a plurality of oxide high- 

temperature superconducting filaments covered with a silver sheath. Bi2223 tape wire 
was used herein. The tape wire is wound around the former in multiple layers to form 
a conducting layer 20. Conducting layer 20 has a different twist pitch of the 
superconducting wire for each of its layers. In addition, the winding direction may be 
10 changed for each or every several of its layers such that even current flows 
homogeneously among the layers. 

<Inter-layer Insulating Layer (not shown)> 
An inter-layer insulating layer is provided between the innermost 
superconducting layer within conducting layer 20 and former 10, between each of the 
15 layers forming conducting layer 20, and between each of the layers forming magnetic 

shielding layer 40. An inter-layer insulating layer is constructed of a craft paper wound 
around the respective one of the layers of conducting layer 20 or around the respective 
one of the layers of magnetic shielding layer 40 . The inter-layer insulating layer allows 
the layers of conducting layer 20 and magnetic shielding layer 40 to be electrically 
20 independent from each other. 

<Electrically Insulating Layer> 

An electrically insulating layer 30 is provided around conducting layer 20. 
Insulating layer 30 may be constructed of, for example, a craft paper laminated with a 
resin film of e.g. polypropylene (PPLP (R) from Sumitomo Electric Industries, Ltd.), 
25 which is wound around conducting layer 20. 

<Magnetic Shielding Layer> 

An alternating-current superconducting cable includes a magnetic shielding layer 
40 provided outside insulating layer 30 for shielding magnetic field. Magnetic shielding 
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layer 40 is formed of a superconducting wire similar to that for the conducting layer 
wound outside insulating layer 30. An electric current of a magnitude substantially the 
same as that for conducting layer 20 and in the opposite direction is induced in magnetic 
shielding layer 40 to cancel the generation of magnetic field in the outside. 
5 <Protective Layer> 

Further, a protective layer 50 is provided on magnetic shielding layer 40. 
Protective layer 50 serves to mechanically protect magnetic shielding layer 40 and the 
structure further within, and is formed by winding a craft paper or cloth tape on 
magnetic shielding layer 40. 

10 <Thermal Insulating Tube> 

Thermal insulating tube 60 is of a double-tube structure having an inner 
corrugated tube 61 and outer corrugated tube 62. Typically, a space is established 
between inner and outer corrugated tubes 61 and 62, and vacuum is applied to the space. 
Superinsulation (trade name) is disposed within the vacuum-applied space for reflection 

15 of radiant heat. The space defined by inner corrugated tube 61 and the cores may be 
utilized as a refrigerant channel. For example, go and return refrigerant channels may 
be formed by the space within a hollow former and the space within the inner corrugated 
tube. Further, an anticorrosive layer 70 of e.g. polyvinyl chloride is provided on the 
outer corrugated tube. 

20 (Cooling System) 

Referring to Fig. 1, the cooling system includes: refrigerators 211-213 that cool 
a refrigerant; pumps 221-223 that circulate the refrigerant; refrigerant piping connecting 
the refrigerators or pumps with superconducting cables 110, 120 and 130; and a 
plurality of valves 231-233, 241-243, 251, 252, 261-263 provided on the refrigerant 

25 piping. 

In this cooling system, the refrigerant cooled by refrigerators 21 1-213 is moved 
by pumps 221-223 to be circulated to superconducting cables 110, 120 and 130 for the 
cooling of the superconducting wire. The numbers of refrigerators 211-213 and pumps 
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221-223 used here correspond to the number of circuits. Specifically, three 
refrigerators 211-213 and three pumps 221-223 are used, each refrigerator connected in 
series with the associated pump via piping. The piping extending from the refrigerator 
on the refrigerant outletting side is connected to one end of superconducting cables 110, 
5 120 and 130 via valves 23 1-233, where pipes between refrigerator 221 and valve 23 1, 

between refrigerator 212 and valve 232, and between refrigerator 213 and valve 233 are 
connected with each other to provide a joined refrigerant route between the circuits, and 
valves 251 and 252 are provided on the joining piping. The other end of each 
superconducting cable 110, 120, 130 is connected with refrigerant outletting piping, 

10 which is integrated via valves 241-243 and led to pumps located at the one end of the 
cables. The integrated piping led to the pumps is branched into three that are 
connected to respective pumps 221-223 via valves 261-263. Thus, joined refrigerant 
routes may be provided on the refrigerant outletting side of refrigerators 211-213 and on 
the refrigerant inletting side of pumps 221-223, thereby moving the refrigerant cooled by 

15 any one of refrigerators 211-213 to any one of superconducting cable circuits 110-130. 

In the present example, the refrigerant is liquid air (boiling point: about 79K, 
freezing point: 55K), and each of refrigerators 211-213 is capable of cooling down to 
the freezing point of liquid air. 

Optionally, a refrigerant temperature control mechanism may be provided that 

20 regulates the refrigerant temperature based on the power demand from the load 
connected to superconducting cables 110, 120 and 130. Fig. 4 illustrates a load 
current sensing means and a temperature controlling means which form the refrigerant 
temperature control mechanism. Referring to Fig. 4, a normal-conducting cable is 
connected to the both ends of superconducting cables 1 10, 120 and 130. Load current 

25 sensing means 271, 272 and 273 are provided on those of the normal-conducting cables 
closer to the load to measure the load current. Load current sensing means 271, 272 
and 273 are connected with respective temperature control means 281, 282 and 283. 
Temperature control means 281, 282 and 283 control the temperature of the refrigerant 
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in their respective refrigerators 211,212 and 213 based on the value of the load current 
measured by the respective load current sensing means 271, 272 and 273. 

Note that in Fig. 4, the double lines between refrigerators 211,212 and 213 and 
respective superconducting cables 110, 120 and 130 indicate the routes of refrigerant. 
5 The single lines between load current sensing means 271, 272 and 273 and respective 

temperature control means 281, 282 and 283 indicate the routes of a sense signal, while 
the single lines between temperature control means 281, 282 and 283 and respective 
refrigerators 211,212 and 213 indicate the routes of a control signal. 
[Method of Operation] 
10 <First Embodiment 

A method of operation based on a change in the power demand from the load 
connected with the superconducting cable will be described below. 

In the line of Fig. 1, during normal operation, the refrigerant temperature is 
slightly below 77K, for example, and all the circuits are being operated. During such 
15 normal operation, valves 251 and 252 provided on the joining piping for the refrigerant 
routes for the circuits are closed, while other valves 23 1-233, 241-243 and 261-263 are 
all open, such that refrigerators 211-213 cool the refrigerant for their respective 
superconducting cable circuits 110, 120 and 130. When the power demand from the 
load increases, the temperature set for refrigerators 211-213 is regulated to reduce the 
20 refrigerant temperature. For example, as apparent from the graph in Fig. 3, the cooling 
to around 68K will result in a critical current that is 1.5 times that in normal operation. 
Typically, electric power is transmitted at a constant voltage. A 1.5-time increase in 
current capacity can thus increase the transmission capacity by 1.5 times. Further, the 
cooling to 60K or below will result in a critical current that is two times that in normal 
25 operation, allowing transmission with yet greater capacity. 

Thus, the present method of operation reduces the refrigerant temperature to 
achieve in a simple manner a transmission capacity around two times that in normal 
operation. Particularly, existing superconducting cables can be advantageously utilized 
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to increase the power capacity for transmission without an additional cable. 

Further, when the power demand decreases, the transmission capacity of the 
superconducting cables may be reduced by increasing the refrigerant temperature. 
Although this requires a superconducting wire capable of maintaining the 
5 superconducting state at the increased refrigerant temperature, the cost of cooling a 
superconducting cable may be decreased, resulting in reduced cost required for the 
operating the superconducting cable. 

Moreover, the load current, Ip, may be measured and the refrigerant temperature 
T may be variably regulated such that Ip = a * Ic (a is the tolerance where a < 1), Ic 
10 being the critical current of the superconducting cable. This approach performs an 
operation at the highest possible refrigerant temperature depending on the tolerance 
between the load current and the critical current, in order to reduce the load on the 
cooling system. Naturally, the refrigerant temperature is regulated between the boiling 
and freezing points of liquid air. 
15 <Second Embodiment 

Now, description is provided of the case where one circuit fails and becomes 
unavailable and remaining good circuits perform the transmission. Assume that one of 
the three superconducting cable circuits shown in Fig. 1, 130, fails and becomes 
unavailable and transmission is only possible with the remaining two circuits. It is 
20 further assumed that while the superconducting cable in the failed circuit 130 is 
unavailable, the entire cooling system is good and available. 

Initially, the open-and-close states of the various valves during normal operation 
prior to a failure are the same as those in the first embodiment. 

When superconducting cable 130 becomes unavailable, three refrigerators 211- 
25 213 and three pumps 221-223 are used to supply refrigerant to the two good circuits 
(superconducting cables 110 and 120) and cool the refrigerant to a yet lower 
temperature with a sufficient cooling capacity. For this purpose, refrigerant supply 
valve 233 and refrigerant outletting valve 243 of the failed circuit are closed to separate 
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the failed circuit from the cooling system, while valves 251 and 261 on the joining 
pipings are opened and all pumps 221-223 are driven to circulate the refrigerant. In 
this way, the refrigerant introduced to the two good circuits is cooled/circulated by 
virtue of three refrigerators 211-213 and three pumps 221-223. 
5 According to this method, a cooling system capable of supplying refrigerant to 

three circuits may be used to supply refrigerant to two circuits, providing effective 
cooling of refrigerant. As a result, the refrigerant temperature may be easily reduced 
below that prior to a failure, thereby achieving increased transmission capacity of the 
good circuits. For example, when each circuit is operated at a refrigerant temperature 

10 slightly below 77K prior to a failure, the refrigerant temperature of the good circuits 

after a failure may be about 68K to ensure a transmission capacity that is about 1.5 times 
that prior to the failure per circuit, such that the two good circuits can provide 
transmission with a capacity that matches that of the three circuits prior to the failure. 
Of course, two refrigerators and two pumps may circulate refrigerant to be 

15 supplied to two good circuits where each refrigerator may be capable of cooling the 

refrigerant for one circuit to an increased-capacity-operation temperature (about 68K). 
In this case, valves 233 and 243 at the ends of the failed circuit are closed to separate 
the failed circuit from the cooling system. Further, valve 263 located on the refrigerant 
inletting side of pump 223 is closed to separate refrigerator 213 and pump 223 from the 

20 cooling system. Refrigerators 211,212 and pumps 221, 222 are then used to 
cool/circulate the refrigerant for superconducting cables 110, 120. 

It should be understood that the disclosed embodiments above are, in all respects, 
by way of illustration and example only and are not by way of limitation. The scope of 
the present invention is set forth by the claims rather than the above description and is 

25 intended to cover all the modifications within the spirit and scope equivalent to those of 
the claims. 

Industrial Applicability 

The present invention provides variable refrigerant temperature to change the 
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transmission capacity of a superconducting cable during operation. Thus, when -power 
demand is expected to increase, the increased demand may be accommodated without 
an additional cable or, when one of a plurality of circuits fails and transmission is only 
possible with the remaining circuits, transmission may be performed at a transmission 
capacity that is equal to or close to the pre-failure level. Consequently, the present 
invention may be effectively utilized in areas where electric power is to be supplied. 
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